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1. Introduction 
 
NMR spectroscopy is a robust and powerful analytical technique which is 
commonly used for structural characterization of a wide range of materials. Fastly 
developing and expanding its facilities, NMR spectroscopy appears to be a 
comprehensive tool in material science for investigation and understanding of 
characteristic properties of various materials. In the last decades, it was intensively used 
to study carbons, zeolites, and other materials. It is also increasingly used to study metal-
organic frameworks (MOFs)1–6. Since 1946, when Felix Bloch7 and Edward Purcell8 
discovered and demonstrated the principles of NMR, physicists and chemists have 
developed and employed this technique to study molecular structures and dynamics of 
various systems. Since that time, great breakthroughs in method development were made 
and one can nowadays hardly underestimate the importance of the NMR technique in 
material structure investigation. 
For structural characterization of crystalline materials such as MOFs, NMR 
spectroscopy nicely complements the information obtained by X-ray diffraction (XRD). 
For example, recent studies report solid-state NMR spectroscopy as the only technique 
which not only proves or disproves the incorporation of different linkers into the 
framework – in case of mixed-linker MOFs it also answers the question concerning the 
distribution of different linkers within the framework9. 
Together with structural studies, NMR spectroscopy is extremely useful for studies 
of dynamics of the framework as well as of the molecules adsorbed in the pores and their 
interactions with the MOF matrix. These studies are of great importance for investigating 
MOFs as prospective materials for catalysis, gas storage, and separation. 
In the last decades, constantly growing interest is focused on the development of 
MOFs. Why do these materials attract more and more attention and expand into a field of 
Introduction 
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broad scientific interest? What is so special and fascinating that makes their investigation 
so demanding?  
This interest is mostly due to the outstanding properties of MOFs such as an 
extremely high accessible pore volume and the enormous internal surface area. The 
highest reported surface area is close to 7000 m2 per g of material10. Tunable surface 
properties via linker modifications, diverse choice of metal centers and functional groups 
make MOFs attractive for heterogeneous catalysis, sorption, and separation processes.  
The extraordinary porosity of MOFs reaches up to 4.40 cm3 per g and makes MOFs 
potential candidates for gas storage10. This advantage of MOFs was recently analyzed in 
order to compress hydrogen and natural gas. These gases are currently considered as 
alternative fuel sources for vehicles owing to their potential for reducing greenhouse gas 
emissions. They possess low energy densities in contrast to gasoline. Therefore, they must 
be compressed to increase their on-board storage capacity. MOFs can accumulate a huge 
amount of gas under reasonable pressures. They are thus studied with respect to such 
implementations11. 
Switchability between different states of the pore system is an outstanding property 
of a limited number of MOF materials. Such changes are, for example, transitions 
between closed (or narrow pore) and open (or large pore) states. They can be 
accompanied by changes of the unit cell volume by 100% or even more. Possible 
applications of such materials are selective sorption and separation12,13. The structural 
transformations are induced by the external stimuli such as temperature, pressure, and the 
presence of specific molecules. Switchable MOFs are also widely investigated as 
prospective materials for drug delivery. The key point in drug delivery is the release of 
the drug at the desired location of the organism. This requires appropriate stimuli for the 
drug-releasing material14,15. 
The number of synthesized MOF structures grows extremely fast. Advanced 
functionality and adaptable pore sizes of MOFs, the ability to simulate and predict the 
structure on the basis of ligand design, and known coordination patterns increase the 
potential applicability of the materials.  
The present thesis is based on the NMR spectroscopic study of metal-organic 
frameworks. 
Introduction 
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The second chapter introduces the world of metal-organic frameworks and describes 
the key aspects of MOF design and synthesis. It also provides a deeper insight into the 
specific properties of MOFs that make these materials so unique. The state of the art of 
the NMR spectroscopic characterization of MOFs is described at the end of the chapter. 
Liquid-phase adsorption experiments were performed to study the adsorption 
behavior of MOFs in liquid media. These experiments are discussed in the third chapter. 
Interactions between specific molecules and the MOF surface are studied in terms of 
surface polarity and affinity of the molecules towards the studied MOF surfaces 
depending on their relative polarity.  
The fourth chapter is devoted to selective adsorption experiments from gas mixtures 
studied on several switchable MOFs by in situ 13C NMR spectroscopy. This study allows 
answering questions concerning the selectivity together with the possibility of following 
the structural transitions from closed (or narrow) to open (or large pore) state by following 
the changes in the obtained NMR spectra. 
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2. Metal-Organic Frameworks 
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2.1. Structure and synthesis of MOFs 
 
Essential for successful design of metal-organic frameworks is the proper choice of 
metal ions or metal clusters as network nodes as well as of linkers to obtain the desired 
network topology3. Traditional synthesis from metal ions and organic linkers leads to a 
lack of control over the produced solids resulting in the multiplicity of possible structures 
and topologies. Consequently, the concept of using pre-designed modules consisting of 
polynuclear clusters formed by metal ions and multi-dentate linkers such as carboxylates, 
so-called secondary building units (SBU), was developed3,16,17. Hence, the modules can 
be used in different ways forming a broad variety of possible frameworks. Figure 2.1 
illustrates representative framework motifs formed from various types of connectors and 
a linear linker1. The simple 1D motif represents a linear chain, square-grid network is an 
example of 2D MOFs, a 3D net may be derived by stacking of 2D nets, etc. An enormous 
diversity of linkers and their combination with the metal clusters/ions affords diverse 
structural possibilities and network topologies. Therefore, a crucial step in developing 
metal-organic frameworks in terms of stability, coordination geometry, and network 
topology is the design of organic linkers. 
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Figure 2.1. Various networks can be constructed by using different building units. 
(Reprinted with permission1. Copyright 2004. John Wiley and Sons.) 
 
 
MOFs based on carboxylate linkers possess unique thermal stability, what makes 
them attractive for catalysis and sorption applications16. Carboxylate linkers allow the 
formation of more rigid frameworks due to their ability to aggregate metal ions into metal-
oxygen-carbon clusters (SBUs). The first reported MOFs, based on M-O-C clusters were 
MOF-218 and MOF-519. As an example, the structure of MOF-5 and its topology is 
Metal-organic frameworks 
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presented in Figure 2.2. This MOF contains four ZnO4 tetrahedra and six carboxylate 
carbon atoms, resulting in the octahedral SBU, joint by benzene linkers. MOF-5 
represents an expanded 3D cubic framework with a pore diameter of 12 Å16. 
 
 
a)       b)      c) 
 
 
Figure 2.2. a) The MOF-5 structure shown as ZnO4 tetrahedra (blue polyhedra) joint by 
benzene dicarboxylate linkers (red: O, black: C) with a pore of 12 Å diameter (yellow 
sphere). b) Ball-and-stick model of the structure topology (simple cubic net). c) The 
structure is shown as the envelopes of the (OZn4)O12 cluster (red truncated tetrahedron) 
and benzene dicarboxylate (BDC) ion (blue slat). (Reprinted with permission16. 
Copyright 2003. Nature Publishing Group). 
 
 
Apart from carboxylate and polycarboxylate linkers, other organic linkers are also 
incorporated, such as N-donor ligands, phosphates, and many others. The use of SBUs in 
the synthesis facilitates the structure and topology prediction3.  
In general, MOFs are synthesized in solution at room temperature or in refluxing 
solvents. Usually, design and synthesis of bridging ligands are more time-consuming than 
MOF synthesis. Synthesis is performed by combining a soluble metal salt with a ligand 
solution.  
Metal-organic frameworks 
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2.2. Specific properties and applications of MOFs 
 
An important specific property of metal-organic frameworks is porosity, which is 
often enormously huge. The metal-organic frameworks NU-109 and NU-110 (NU: 
Northwestern University) with experimental Brunauer−Emmett−Teller (BET) surface 
areas of ca. ∼7000 m2g-1 and a total pore volume of 4.40 cm3g-1 for NU-11020 were 
reported recently10. In contrast, zeolites exhibit BET surface areas up to only 1000 m2g-1.21  
Figure 2.3 compares the porosity of typical zeolites and MOFs. Zeolites are highly 
crystalline but have low porosity with the free space of 45-50% of crystal volume16. On 
the other hand, activated carbons are highly porous, but with a broad pore size 
distribution, which results in rather poor separation and/or storage capability for specific 
guest molecules. Effective guest removal or exchange without structural collapse together 
with the narrow pore-size distribution was achieved for a range of metal-organic 
frameworks. Such outstanding properties make MOF materials very attractive for gas 
storage and separation. 
Interestingly, applications of MOFs in catalysis were also reported22–24. For 
instance, a successful functionalization of dicarboxylate linkers with proline was carried 
out to generate catalytically active zirconium based MOFs, namely UiO-67 and UiO-68 
for diastereoselective aldol addition23. 
The rational design and functionalization of structures allow tuning the surface 
properties in a desired manner, for example, incorporation of chiral building blocks for 
application in enantioselective separations25,26. High concentration of transition metals 
may allow sensitive detection of adsorbed molecules based on the change of optical or 
magnetic properties27–29. 
Dynamic structural transitions of so-called third generation MOFs are one of the 
most fascinating phenomena. Such materials are also called “soft porous crystals” 
(SPCs)30. Usually, SPCs undergo reversible structural transformations due to specific 
host-guest interactions. One possible schematic illustration of different flexibility modes, 
presented by Coudert et al.31 and Bousquet et al.32 is shown in Figure 2.412.    
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Figure 2.3. Comparison of pore volumes and diameters for various MOFs and zeolites. 
Blue circles: sorption and crystal MOF structures; red squares, crystal MOF structures; 
yellow diamonds, some typical zeolites. (Reprinted with permission16. Copyright 2003. 
Nature Publishing Group). 
 
 
“Breathing” denotes transitions of frameworks accompanied by a pronounced change in 
unit cell volume. Swelling is characterized by a gradual enlargement of the MOF unit cell 
volume without a change in the unit cell shape. Linker rotation is defined as a 
(continuous) transition where the spatial alignment of a linker is changed by turning 
around a rotational axis. Subnetwork displacement such as drift, relocation or shift with 
regard to each other is a phenomenon restricted to systems having at least two individual 
frameworks, which are not connected to each other by strong chemical bonds, but interact 
by rather weak forces such as van der Waals interactions only12. 
Metal-organic frameworks 
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However, framework flexibility can also be caused under external stimuli. Such 
stimuli may be photochemical induction, upon exposure to heat, application of 
mechanical stress, etc. 
Due to their dynamic pore system, flexible MOFs are well suited for different 
separation processes, in catalysis, sensing, and for biomedical applications. 
 
 
 
 
Figure 2.4. Classification of different flexibility modes of MOFs. One class is 
characterized by the change in unit cell volume (∆V ≠ 0; A, B and D middle/bottom) 
while in the other case the unit cell volume does not change (∆V = 0; C, D top)12. 
(Reprinted with permission12. Copyright 2014. Royal Society of Chemistry). 
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2.3. Characterization of MOFs 
 
A wide range of analytical techniques is employed for the characterization of metal-
organic frameworks. Due to the crystallinity of MOFs, powder X-ray diffraction 
(PXRD)33 is widely used for structure characterization. Thermogravimetric (TG)33 
measurements are commonly used to investigate the structural stability. Useful 
spectroscopic methods for in situ characterization include Nuclear Magnetic Resonance 
(NMR)34,35,  Fourier transform infrared (FT-IR)36, and Raman spectroscopy36, Extended 
X-ray Adsorption Fine Structure (EXAFS)37, electron paramagnetic resonance (EPR)38, 
and others. 
In order to prove the porosity and determine the specific surface area of the porous 
material, gas sorption isotherms are commonly measured. The adsorption process is 
driven not only by the interaction between the surface and a guest molecule but also by 
the pore size and shape. The specific surface area is determined using the Brunauer–
Emmett–Teller (BET) theory, which is associated with the number of guest molecules 
accommodated by direct surface contact. N2 adsorption is commonly used for surface 
determination by the BET method39. 
There are six representative adsorption isotherms classified by IUPAC that reflect the 
relationship between pore structure and sorption type40. Type I is typical for microporous 
materials, while types II, III, and VI apply for macro- or nonporous materials, and types 
IV and V for mesoporous materials.  
If the metal-organic framework is flexible (see Figure 2.4), for example, when a 
structure transforms from closed to open pore state during adsorption, the adsorption 
isotherm has a different, unique profile. In this case, the adsorption isotherm could be a 
combination of types I and II or III. In Figure 2.5, the adsorption isotherm follows the 
type III isotherm in the lower pressure range as long as the pores are closed. At a certain 
point, known as gate-pressure41, the MOF switches into the open phase and the gas 
molecules penetrate into the pore system. The amount of adsorbed molecules steeply 
increases and the isotherm approaches type I. If many structural transformations occur, a 
multistep adsorption profile would be observed. The desorption isotherm of flexible 
MOFs is commonly not overlapping with the adsorption isotherm, resulting in 
adsorption/desorption hysteresis. 
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Figure 2.5. Adsorption-desorption isotherm for porous frameworks that undergoes a 
structural transformation from closed pore state into open pore state. Solid line: 
adsorption; dashed line: desorption; cage represents closed and opened MOF structure42.  
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2.4. NMR spectroscopy on MOFs 
 
2.4.1. Brief introduction into the NMR spectroscopy 
 
Solid-state NMR spectroscopy offers various possibilities to characterize MOF 
structures and properties. The technique relies on the magnetic properties of the atomic 
nucleus. NMR active nuclei, i.e., atomic nuclei with non-zero nuclear magnetic moment 
placed in a strong magnetic field resonate at a characteristic frequency. Slight variations 
in this resonance frequency is a source of information about the molecular structure 
surrounding the considered atom. Figure 2.6 schematically shows some important sources 
of local fields detectable by solid-state NMR spectroscopy and the information available 
from chemical shifts, dipolar couplings, and electric quadrupole interactions43. 
 
 
 
 
Figure 2.6. Schematic representation of some important interactions detected by 
NMR spectroscopy and of the available information. (Reprinted with permission43. 
Copyright 2016. Gregor Mali). 
 
 
The resonance frequency depends not only on the type of a nucleus and B0 but is 
slightly influenced by the environment of that atom within the molecule (“chemical 
shift”). This happens due to neighboring electrons creating local magnetic fields which 
Metal-organic frameworks 
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modify the external magnetic field and partially shield the nucleus. Another contribution 
to the local magnetic field of the nucleus comes from the neighboring nuclei with non-
zero magnetic moments, which act as a source of magnetic field. Their strength depends 
on the distance between the nuclei and their relative orientation with respect to the 
external magnetic field. Such dipolar couplings can be used for extracting qualitative or 
quantitative information about the interatomic distances. The arrangement of electric 
charges in the neighborhood of the nucleus also influences the local electric field of the 
nucleus. Measurement of the strength of the electric quadrupolar interaction provides 
information about the symmetry of the local environment and  the dynamics of a molecule 
or a framework44,45. 
There are certain differences between solid-state and liquid-state NMR 
spectroscopy. The most striking difference is the presence of strongly line-broadening 
interactions in the solid state. Very often powders are investigated. The particles/ 
crystallites are then oriented randomly. The corresponding NMR signal reflects the 
distribution and appears as a broad line, called powder pattern. Due to the fast motion and 
rapid reorientation of molecules in solutions, the line-broadening interactions are 
averaged. This results in well-resolved NMR spectra with narrow lines. In contrast, the 
resolution of solid-state NMR spectra of static samples is usually extremely poor due to 
the overlapping broad powder patterns. Therefore, a line narrowing technique is routinely 
applied to improve the resolution, most commonly magic angle spinning (MAS). 
Spinning of the powder samples around an axis tilted with respect to the external magnetic 
field by 54.7° strongly improves the resolution of NMR spectra of powders43,46–48.  
Apart from the problem of resolution, solid-state NMR spectroscopy faces another 
challenge – sensitivity. Modern solid-state NMR spectroscopy applies a variety of 
techniques to solve the sensitivity problems. Cross polarization (CP) is routinely 
employed for this purpose49,50. With this method, the signal of the nuclei of interest is 
enhanced via the transfer of spin polarization from nuclei with higher magnetic moments. 
For example, 1H nuclei have a four-times larger magnetic moment than 13C. In addition, 
the relaxation time (T1) of protons is commonly much shorter than for carbon. 
Consequently, the application of 1H-13C CP greatly enhances 13C NMR signals. Another 
method, dynamic nuclear polarization (DNP), relies on the spin polarization transfer from 
unpaired highly polarized electron spins to nuclei via microwave irradiation at the 
Metal-organic frameworks 
22 
electron paramagnetic resonance frequency51. The first application of DNP-enhanced 
solid-state NMR spectroscopy on MOFs reported a reduction of experiment time by two 
orders of magnitude for a series of N-functionalized MOFs52. This approach allows the 
rapid characterization of intact MOF topologies, in contrast to standard methods that 
require entire digestion/dissolution of the solids in strongly acidic solutions.  
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2.4.2. NMR spectroscopy for host-guest interaction studies 
 
Additionally to the structural analysis, NMR spectroscopy is well suited for host-guest 
interactions studies. Adsorption processes, framework flexibility, and adsorption-induced 
structural transformations are of especial interest. There is a range of attractive probe 
molecules/atoms offered by NMR spectroscopy, which are implemented for host-guest 
interaction studies. These probes, such as 129Xe, 13C, 1H, etc., can often be detected 
without additional line narrowing techniques like MAS. Moreover, NMR spectroscopy 
can provide information about the dynamics and mobility of the adsorbed species, 
adsorption-induced structural transformations, and others. Some examples are 
demonstrated in the following subchapters. 
 
2.4.2.1. 129Xe NMR spectroscopy 
129Xe is a favorable probe atom which is often used in surface NMR spectroscopy. 
First introduced by Ito and Fraissard, it is widely applied for characterization of various 
porous materials53. The advantages of 129Xe for NMR studies are the relatively high 
natural abundance of 26.44%, its inertness, and its very sensitive chemical shift. The 
detection sensitivity of 129Xe NMR spectroscopy can be enhanced by orders of magnitude 
when using hyperpolarized (HP) xenon54. 129Xe as a probe atom also offers additional 
information about the surface and pore systems under study encoded in line width, the 
chemical shift anisotropy, and the longitudinal relaxation time T1. The first application of 
129Xe NMR spectroscopy to MOFs was reported in 200655. Subsequently, the 
aforementioned favorable properties of 129Xe resulted in an increasing number of 
applications to MOFs for surface and pore systems characterization56–58.  
The isotropic chemical shift of xenon (δ) can be written as a sum of several 
contributions53,59: 
δ = δ0 + δS + δXe-Xe+ δSAS + δE+ δM 
where δ0 is the chemical shift of xenon gas at zero pressure. It is often set to zero by 
calibration. δS arises from the xenon-surface interactions; δXe-Xe is due to xenon-xenon 
interactions and depends on the density of xenon; δSAS describes the influence of strong 
adsorption sites; δE and δM are the contributions from interactions with cationic species 
and paramagnetic sites, respectively. DUT-8(Ni)58 is a MOF with a very pronounced gate-
Metal-organic frameworks 
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pressure effect during adsorption of several gases such as carbon dioxide, butane, and 
xenon. Figure 2.7 displays the 129Xe NMR spectra of dried DUT-8(Ni) measured at 
237 K60. Below a gate-opening pressure of ca. 12 bar, the spectrum only exhibits a single 
signal within the range of 5-20 ppm due to neat gas. With further pressure increase, the 
xenon molecules are adsorbed in the pore system and their interactions with the external 
surface of the particles result in the appearance of a strong signal at ca. 227 ppm. The 
chemical shift of adsorbed 129Xe remains almost constant and slightly shifts to 229 ppm 
at increasing pressure. This indicates that the density of xenon inside the opened pores is 
almost constant during the pressure increase. In other words, the structure opening is 
accompanied by immediate and complete pore-filling. Interestingly, the appearance of a 
signal due to adsorbed Xe is accompanied by a characteristic color change of the sample 
from yellow to green which indicates the pore opening. During desorption, i.e., pressure 
release, Xe remains inside the pores until the structure closes at very low pressures. Such 
pronounced hysteresis (Figure 2.7, bottom) is characteristic for switchable MOFs like 
DUT-8(Ni). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metal-organic frameworks 
25 
 
 
 
  
 
 
Figure 2.7. Top, left: 129Xe NMR spectra obtained for isothermal xenon adsorption on 
DUT-8(Ni) with initially “closed” pore system. Top, right: 129Xe NMR spectra for 
isothermal xenon desorption on DUT-8(Ni). Bottom, left: chemical shift of the gas phase 
signal which correlates with the xenon density. Bottom, right: 129Xe NMR derived 
adsorption/desorption isotherm for DUT-8(Ni) at 237 K: (filled circles) adsorption 
isotherm; (open circles) desorption isotherm. (Reprinted with permission60. Copyright 
2001. American Chemical Society).   
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2.4.2.2. 13C NMR spectroscopy 
Another attractive probe molecule for adsorption studies is CO2. In contrast to 
129Xe, 
13C has a poor natural abundance of about 1.1%. Therefore, 13C enriched gas is commonly 
applied for NMR spectroscopic studies. Adsorption of CO2 on metal-organic frameworks 
as potential platform for gas storage and purification is of high scientific interest. It was 
consequently studied extensively during the last years. Adsorbed molecules, such as CO2, 
inside the porous materials possess a specific behavior. Application of 13C NMR 
spectroscopy allows investigating this behavior and interactions of CO2 with the pore 
system of the studied material. 
In contrast to xenon, CO2 is a linear molecule. Therefore, the line-shape of the 
obtained signal strongly depends on the orientation of the molecules towards the applied 
magnetic field, resulting in the chemical shift anisotropy (CSA)61–65. Figure 2.866 
schematically demonstrates the dependence of the chemical shift on the orientation of the 
molecule. In the case of fixed orientation of a molecule at a constant angle with respect 
to the magnetic field, chemical shift values of δ33 = -82.5 ± 2.3 ppm
67 and δ11,22 = 232.8 
± 2.3 ppm67 result for the orientations depicted in Figure 2.8, Box 1. For gaseous CO2, 
the molecules are moving rapidly and isotropically. This results in the narrow line-shape 
corresponding to mobile CO2 molecules, see Figure 2.8, Box 3. The signal does then 
occur at the isotropic chemical shift δiso = (δ11 + δ22 + δ33)/3 = 127.7 ppm. In the case of 
solid CO2 (see Figure 2.8, Box 2) molecules are fixed and randomly oriented at all 
possible orientations relative to the applied magnetic field. The whole range of chemical 
shifts between δ33 and δ11,22 occurs and the signal is quite broad. The lineshape is thus 
dominated by the chemical shift anisotropy (CSA) of ca. 335 ppm61,62. If CO2 is adsorbed 
inside a porous material, the freedom of molecular motion is limited compared to the free 
gas. This results in a lineshape with reduced chemical shift anisotropy. The width of the 
obtained CSA pattern may then vary depending on the pore structure and the mobility of 
the adsorbed species. Figure 2.9 illustrates a typical 13C-NMR spectrum of CO2 adsorbed 
in the porous material DUT-8(Ni). For understanding the shape of the obtained signal, it 
can be decomposed into two signals: a broad signal shown in orange is obtained for the 
adsorbed molecules and a sharp narrow signal shown in green represents free gas 
molecules. 
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Figure 2.8. Characteristic line shapes observed for 13CO2. Box 1. Different values of 
chemical shift determined by the fixed orientation of a molecule at a constant angle 
relative to a magnetic field B0. Box 2. Representation of the line shape of solid CO2. 
Box 3. Gaseous CO2 with rapidly and isotropically reorienting molecules. Box 4. 
Representation of signals with restricted mobility resulting in reduced chemical shift 
anisotropy. This can be observed, for instance, for CO2 adsorbed inside the narrow pores. 
(Reprinted with permission66. Copyright 2014. Herbert C. Hoffmann). 
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Figure 2.9. Example of 13С NMR spectrum (blue line) of CO2 adsorbed inside the DUT-
8(Ni) decomposed using the dmFit program68. The orange line is attributed to CO2 
adsorbed in the MOF pores, the green line is due to gaseous CO2.   
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2.4.3. Quantitative liquid-state 1H NMR spectroscopy 
 
As discussed in previous chapters, NMR spectroscopy is well established for structure 
identification of molecules. Furthermore, 1H NMR spectroscopy was reported as an 
analytical method for quantitative analysis already in 196369. One of the main advantages 
of the use of 1H is its high natural abundance, in contrast to other nuclei like 13С or 15N. 
During the last decades, interest in quantitative NMR (qNMR) spectroscopy has grown. 
It has found applications in diverse fields, such as metabolomics70, pharmaceutical 
analysis,71 etc. The error of qNMR has been reported to be less than 2.0%. That means, 
qNMR spectroscopy allows a satisfactorily accurate and precise quantification for many 
purposes72. Another advantage of qNMR spectroscopy is that the technique is non-
destructive, requires a small amount of sample and is rather fast, in comparison to 
commonly used HPLC or GC methods for quantification.  
The important fundamental background of qNMR is that the signal intensity in the 
NMR spectrum is directly proportional to the number of nuclei responsible for that 
particular resonance. Consequently, the signal intensities are directly proportional to the 
analyte concentration. The common calibration-curve method can be employed using 
least square linear regression. The integral of the NMR signal, i.e., its area is then 
measured for serial dilutions of a stock solution of the reference compound. Analyte 
samples are measured using the same experimental parameters and the integral area is 
compared with the calibration curve to calculate the concentration73. 
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3. Liquid-phase adsorption studied by 
quantitative 1H NMR spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parts of this chapter were adapted from the following publication: M. Sin et al., Micropor. 
Mesopor. Mater., 2017, 251, 129-134. (Reprinted with permission74. Copyright 2017. 
Elsevier). 
 
Synthesis of MOFs, XRD-measurements, nitrogen physisorption measurements, water 
adsorption measurements, TG-analysis discussed in the following chapter were 
performed by Christel Kutzscher. 
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3.1. Introduction 
 
In contrast to gas-phase adsorption studies, there is still a lack of characterization 
methods for the adsorption properties of porous materials in the liquid phase. Such 
information is, however, tremendously important for proper surface modification with 
respect to applications of a material for certain purposes. Most of the methods currently 
used for material characterization are focusing on the structural characterization using 
XRD or NMR techniques, and on the porosity characterization via nitrogen physisorption 
and surface area determination. The use of the nitrogen physisorption method is limited 
by the necessity of complete solvent removal. Consequently, MOFs, that are stable only 
in the presence of solvent, must be characterized by liquid-phase adsorption studies. 
Furthermore, liquid-phase adsorption can also be used for more detailed surface 
characterization, e.g., to determine properties like the surface polarity. 
Ex-situ NMR relaxometry was previously used to study liquid-phase adsorption 
on MOFs and suggested as a new screening technique for surface area estimation by  
Reimer et al75. Due to interactions with the pore walls, the relaxation rate of nuclei located 
at solvent molecules inside the pores depends on the degree of freedom. The method relies 
on the transverse relaxation time (T2) measurements. A correlation between the measured 
T2 values and the total pore volume, which is proportional to surface area, was observed. 
The technique proposed is fast in comparison to typical BET surface area measurements 
and requires only small amounts of material. 
Surface polarity is of crucial industrial importance to estimate the applicability of 
porous materials for heat pumps, solar cooling, air filters, desiccation, and catalyst 
poisoning effects76,77. Various advantages of MOFs such as huge porosity, high density 
of active (catalytic) centers, and the possibility to functionalize the inner surface in the 
desired manner78–82 make them a promising platform for heterogeneous catalysis and 
separation. Modular construction renders them as ideal model candidates for the 
development of advanced characterization methodologies of selective enrichment or 
depletion on the interface. This is important for the design of efficient liquid-phase 
adsorptive separation and heterogeneous catalytic processes. Consequently, the selection 
of suitable solvents and reactants is of paramount importance for the successful 
application of the porous material in a certain reaction or for a certain separation problem.  
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Liquid phase adsorption of alkanes on zeolites was previously used to determine pore 
sizes and shape selectivities by defining the confinement factor83 and constraint index84 
for characterization of microporous catalysts and separation materials. The adsorption 
selectivity strongly depends on the polarity of the adsorbent surface85–91. Therefore, other 
factors like surface polarity should also be taken into account. The polarity of a surface 
corresponds to the affinity of the adsorbent towards polar or nonpolar substances. 
Previously, empirical methods have been proposed to determine the polarity of solvents 
or surfaces using solvatochromic dye molecules as probes. An example is pyridinium N-
phenolatebetaine – also known as Reichardt's dye92. However, the pore accessibility for 
large dye molecules is limited in most microporous materials. 
In the following chapter, the results of the liquid-phase adsorption experiments on 
different materials, such as activated carbons and MOFs are reported. An empirical 
method for surface polarity estimation of porous materials using small molecules is 
proposed based on liquid-phase adsorption monitored by quantitative 1H NMR 
spectroscopy. 
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3.2. Carbon materials 
 
Adsorption of naphthalene from methanol was studied on several activated carbons 
(AC). This combination of a substrate and a solvent was chosen to increase the affinity 
of a nonpolar substrate to the nonpolar adsorbent (AC) surface by selecting a polar solvent 
like methanol.  
To validate the 1H NMR technique for the envisioned investigations, the liquid-
phase adsorption isotherms for two activated carbons (see Table 3.1) were measured 
using solutions with defined concentrations of naphthalene in methanol. To increase the 
resolution of signals and, therefore, the spectrum quality, an additional step of 
centrifugation to remove the carbon particles from the supernatant solution was 
performed prior to the measurements. The influence of such particles upon the resolution 
of the spectra is illustrated in Figure 3.1. For proper quantitative estimations, 100 mg of 
carbon material was used, so the 1H NMR signal of naphthalene in solution after 
adsorption exhibited a well measurable intensity drop compared with the signal in the 
starting solution (Figure 3.2). 
 
Table 3.1. Studied activated carbons and their characteristics. 
 
Type of carbon Surface area, 
SBET, m
2g-1
 
Pore volume, 
cm3g-1
 Pore diameter, Å 
Blücher 510180 1180 0.61 8 and 15 
Norit DLC Super 50 1600 0.80 8 and 15 
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Figure 3.1. Influence of carbon particles onto the resolution of 1H NMR signals of 
naphthalene: left spectrum without the pre-centrifugation step; right spectrum with the 
pre-centrifugation step.  
 
 
 
Figure 3.2. Comparison of 1H NMR spectra of naphthalene before (blue spectra) and 
after (red spectra) adsorption. 
 
 
Integration of peak areas allows to correlate the intensity of signals to the 
corresponding concentration. Using the calibration-curve method (Figure 3.3, a), the 
NMR derived adsorption isotherms were determined (Figure 3.3, b). According to 
IUPAC System of Classification of Adsorption Isotherms, both isotherms exhibit the I(b)-  
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a) 
 
b) 
 
 
 
Figure 3.3. a) Calibration curve for naphthalene in methanol. b) Naphthalene adsorption 
isotherms from methanol on activated carbon Blücher 510180 (circles) and Norit DLC 
Super 50 (diamonds). 
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type shape. The difference in the total pore volumes of these materials is also reflected in 
the total uptakes. As expected, the more porous AC Norit DLC Super 50 takes up higher 
amounts of naphthalene compared to AC Blücher 510180. 
Using the above described system, a correlation between the uptakes of naphthalene 
and the surface area of studied carbons was obtained (Figure 3.4). Such fast and easily 
performed experiments can be applied for approximate surface area estimation of 
activated carbons under the described conditions. 
 
 
 
Figure 3.4. Obtained correlation between the naphthalene uptake and surface area of 
activated carbons. 
 
 
After demonstrating the success of liquid-phase adsorption experiments on carbons by 
quantitative 1H NMR spectroscopy, this method was applied to metal-organic 
frameworks.  
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3.3. MOFs 
 
3.3.1. MIL-101(Cr) and UiO-67 
 
Two well-known MOF materials, MIL-101(Cr) (MIL: Matériaux de l′Institut 
Lavoisier) and UiO-67 (UiO: Universitetet i Oslo), where chosen for the first liquid 
adsorption experiments. MIL-101(Cr) is built from chromium based, trimeric secondary 
building units providing open metal sites after solvent removal. MIL101(Cr)93 is known 
to be hydrophilic according to its water adsorption behavior and is affine to polar 
substances86,94. In contrast, UiO-67 consists of octahedral Zr-clusters connected by linear 
biphenyl-based linkers. Each cluster is densely surrounded by 12 linkers95. This MOF is 
expected to be more hydrophobic. 
A range of probe molecules, such as 1,4-dioxane, pyridine, ethyl acetate, DMF, and n-
heptane were adsorbed on these MOFs. The relative polarity values of the studied probe 
molecules are presented in Table 3.2.  Figure 3.5 represents the obtained results for 1,4-
dioxane, and ethyl acetate adsorbed from n-heptane and for DMF adsorbed from benzene 
on UiO-67(Zr). Interestingly, the uptake is gradually decreasing with the increase of 
relative polarity of studied probe molecules. In other words, the nonpolar surface of UiO-
67 is more affine to less polar substrates. Another comparison of uptakes of 1,4-dioxane 
and ethyl acetate from solvents of opposite polarities n-heptane and DMF (Fig. 3.6) 
confirms the trend of preferable adsorption of less polar molecules by the nonpolar 
surface. 
 
Table 3.2. Relative polarities of used probe molecules.  
Probe molecule n-Heptane 1,4-Dioxane Ethyl acetate Pyridine DMF 
Normalized solvent 
polarity parameter 
(𝑬𝑻
𝑵) 96 
0.012 0.164 0.228 0.302 0.386 
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Figure 3.5. Adsorption of 1,4-dioxane, ethyl acetate from n-heptane and DMF from 
benzene on UiO-67(Zr). (*Due to immiscibility of n-heptane and DMF, the adsorption of 
DMF was performed from benzene). 
 
 
 
Figure 3.6. Adsorption of 1,4-dioxane and ethyl acetate from n-heptane and DMF on 
UiO-67. 
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In the case of MIL-101(Cr), the opposite behavior is observed. A comparison of 
adsorption of ethyl acetate and pyridine from n-heptane and from DMF is presented in 
Figure 3.7. A dramatic drop of uptake for both molecules is observed when changing the 
solvent from n-heptane to DMF, i.e., from nonpolar to polar solvent. Regarding 
adsorption of ethyl acetate from nonpolar n-heptane, the uptake is relatively large and the 
adsorbed amount of substrate fills almost the entire available pore volume of MIL-
101(Cr). In contrast, even a negative uptake is observed during the adsorption from DMF. 
This apparently negative uptake is caused by an increase of ethyl acetate concentration in 
the solution after equilibration. This phenomenon occurs in cases when the stock solution 
is added on top of the dried MOF and the adsorption of the solvent, in this case of polar 
DMF, is more favorable than that of the substrate. A schematic illustration of competitive 
adsorption from binary mixture over a porous material with a preferable adsorption of 
substrate or solvent is shown in Figure 3.8. 
These preliminary experiments clearly show that the adsorption behavior in liquid 
phase depends strongly on the polarity of the examined materials as well as the used 
solvents and substrates. 
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Figure 3.7. Adsorption of ethyl acetate and pyridine from n-heptane and DMF on MIL-
101(Cr). 
 
 
 
 
 
Figure 3.8. Schematic illustration of competitive adsorption from a binary mixture over 
a porous material with a preferable adsorption of substrate (a) and of solvent (b). 
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3.4. Surface polarity estimation 
 
In the present subchapter, a procedure for the estimation of surface polarity is 
proposed. The method relies on the difference in the adsorptive uptake of a given probe 
molecule from two solvents of opposite polarity. That means the affinity of the surface to 
polar or nonpolar substances can be examined in a direct way.  
1,4-Dioxane was selected as a probe molecule of intermediate polarity between n-
heptane and DMF. It exhibits a normalized solvent polarity parameter (𝑬𝑻
𝑵) of 0.164, 
according to the Dimroth and Reichardt scale96. ET is defined as the molar electronic 
transition energy of dissolved N-phenolatebetaine dye as probe molecule, measured in 
kilocalories per mole (kcal/mol) at room temperature (25 °C) and normal pressure (1 bar). 
𝑬𝑻
𝑵 is then introduced as a normalized parameter by using water and tetramethylsilane 
(TMS) defining an extremely polar (𝑬𝑻
𝑵 = 1) and nonpolar reference solvent (𝑬𝑻
𝑵 = 0), 
respectively97. Dioxane is a relatively small molecule with a kinetic diameter of about 
0.65 nm (non-solvated)98 which should fit well into the pores and pore windows of most 
MOFs. As solvents, two substances with opposite polarity were chosen: n-heptane 
with 𝑬𝑻
𝑵  of 0.009 and N,N-dimethylformamide (DMF) with 𝑬𝑻
𝑵  of 0.386. 1,4-
Dioxane dissolves reasonably well in both selected solvents and the 1H NMR signal of 
1,4-dioxane does not overlap with the signals of the chosen solvents, i.e. the spectra are 
well resolved. This can be clearly seen in Fig. 3.9 and Fig. 3.10. 
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Figure 3.9. 1H NMR spectrum of 1,4-dioxane, dissolved in n-heptane. 
 
 
 
 
Figure 3.10. 1H NMR spectrum of 1,4-dioxane, dissolved in DMF. 
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The adsorption of 1,4-dioxane from a mixture is a competitive process between 
substrate and solvent. The uptake is expected to depend on the surface polarity of the 
material and the chosen solvent. For polar porous materials, the uptake of 1,4-dioxane 
from nonpolar n-heptane is expected to be higher than the uptake from the polar solvent 
DMF, which is preferably adsorbed by the material due to its higher value of relative 
polarity in comparison to the substrate. Vice versa, the uptake of 1,4-dioxane by a 
nonpolar MOF material from n-heptane should be lower than the uptake from DMF. To 
verify the general validity of this hypothesis, the same well-characterized MOFs were 
chosen: MIL-101(Cr) and UiO-67. 
As discussed before, MIL-101(Cr) is known to be hydrophilic while UiO-67 is 
expected to be more hydrophobic. The expected behavior can be clearly seen by 
comparing NMR spectra obtained before and after 1,4-dioxane adsorption from different 
solvents by these two dried MOFs (Figure 3.11). 
 
 
 
 
Figure 3.11. Comparison of the 1,4-dioxane signals obtained from the mixture before 
(green curve) and after adsorption from n-heptane (blue curve) and DMF (red curve) on 
dried UiO-67-AcOH and MIL-101(Cr).  
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To validate the 1H NMR technique for the envisioned investigations, the liquid-phase 
adsorption isotherms for porous materials with opposite expected surface polarities were 
measured using solutions with defined concentrations of 1,4-dioxane in n-heptane and 
DMF. Figure 3.12 shows adsorption isotherms for non-activated, i.e., solvent-filled,  
MIL-101(Cr), HKUST-1, and porous aromatic framework (PAF-1)99, for activated 
carbon Norit DLC Super 50 (AC). 
 
 
  
  
 
Figure 3.12. 1,4-dioxane adsorption isotherms from n-heptane (circles) and DMF 
(diamonds) for HKUST-1, MIL-101(Cr), activated carbon Norit DLC Super 50, and 
PAF-1. 
 
 
It is remarkable to notice that in contrast to the desolvated samples, MIL-101(Cr) and 
HKUST-1 containing DMF in the pores show absolutely no uptake of 1,4-dioxane from 
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DMF. That means, the pores of these MOFs remain exclusively filled with the solvent 
molecules indicating a highly polar surface for both MOFs. As already described before, 
MIL-101(Cr) has open metal sites increasing the affinity to coordinating solvents and the 
surface polarity of the overall framework. The same situation can be found with HKUST-
1 which is build up by trimesate anions and Cu-paddle wheels also providing open metal 
sites100. 
The water adsorption isotherms reflect the hydrophilic character of these MOFs, 
although the water uptake of HKUST-1 is significantly lower in comparison to MIL-
101(Cr), due to the lower porosity of the framework (Figure 3.13). This difference in the 
porosity of both MOFs is also reflected in the absolute uptake of 1,4-dioxane.  
  
 
 
 
Figure 3.13. Water adsorption isotherms at 298.15 K of the materials HKUST-1, MIL-
101(Cr), PAF-1, and Norit Super DLC 50. 
 
 
In addition, an activated carbon Norit DLC Super 50 and a porous polymer PAF-1 were 
analyzed as examples for nonpolar materials. Water adsorption experiments reveal 
significantly higher hydrophobicity of PAF-1 in comparison to the Norit sample (Figure 
3.13). The liquid phase adsorption experiments show preferred adsorption of 1,4-dioxane 
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from DMF for both materials, which indicates rather nonpolar surface characteristics. 
However, the differences in uptake during adsorption from DMF and from n-heptane are 
more pronounced for PAF-1. These results demonstrate that the designed liquid-
adsorption experiments in general reflect the surface properties for the chosen materials 
if the differences in polarity are significant. The designed experiment can thus be used as 
a tool for screening the surface polarity of porous materials. 
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3.4.2. Influence of structure modifications on surface properties 
 
Further investigations were focused on a series of UiO-67 materials. It is well known, 
that the surface properties of MOFs can be modified by modulators101,102. Consequently, 
the following modulators for the synthesis of UiO-67 were used: hydrochloric acid, 
formic acid, and acetic acid (UiO-67-HCl, UiO-67-form, UiO-67-AcOH). According to 
Gutov et al101, the application of these three different modulators should induce missing 
linker defects in the UiO-67 frameworks, i.e, the maximum coordination of 12 linkers per 
metal-cluster is not achieved anymore. Furthermore, the authors describe missing node 
defects in case of acetic and formic acid modulation101. It is thus assumed that these 
different defect situations should strongly influence the polarity of the MOF surface103.  
As it is evident from nitrogen physisorption isotherms (Figure 3.14), the synthesized 
materials differ in pore volume as well as in pore structure. The isotherms of UiO-67-HCl 
and UiO-67-form have isotherms of Type IVb according to IUPAC classification40, 
typical for materials containing small mesopores. Such isotherm shape points towards the 
presence of defects in the structures of UiO-67-HCl and UiO-67-form104. To get a deeper 
insight into the nature of defects and real sample composition, thermogravimetric analysis 
(TG), 1H NMR studies, water, and nitrogen physisorption measurements were performed. 
According to the PXRD data the compounds were synthesized in phase pure form (Fig. 
3.15, top). The results of the TG analysis (Fig. 3.15, bottom) point to the slightly different 
chemical composition of investigated materials. UiO-67-AcOH and –form show nearly 
identical curve progression, whereby UiO-67-HCl shows a significant step from 160-
300 °C. The calculation of the theoretical residual mass (assuming the ideal composition 
of UiO-67) predicts a residual mass of 35% expected after conversion of the MOF to 
ZrO2. 
1H NMR analysis of the dissolved MOFs shows the presence of small amounts of 
formic acid originating from DMF degradation (in case of UiO-67-HCl and UiO-67-
AcOH) or directly from modulator (in case of UiO-67-form). UiO-67-AcOH shows the 
presence of AcOH (linker/AcOH ratio: 9/1) in 1H NMR spectra. 
 
 
 
 
Liquid-phase adsorption studied by quantitative 1H NMR spectroscopy  
48 
 
Figure 3.14. Nitrogen physisorption isotherms at 77 K for UiO-67-HCl, -AcOH, and  
-form. 
 
 
 
Figure 3.15. Analysis results of UiO-67 series: top: powder X-ray diffractograms from 
activated materials. Bottom: TG analysis from activated materials. 
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Figure 3.16 illustrates liquid adsorption isotherms of 1,4-dioxane from the two 
solvents, whereby the expected significant differences between the MOFs can be 
identified. UiO-67-HCl and UiO-67-form show preferred adsorption of 1,4-dioxane from 
n-heptane with maximum uptakes of 674 mg g-1 (UiO-67-HCl) and 786 mg g-1 (UiO-67-
form), which is about 60% of the theoretical maximum uptake of 1,4-dioxane for these 
materials (Table 3.3). In contrast, adsorption from DMF results in relatively low uptakes 
of 449 mg g-1 for UiO-67-HCl and 418 mg g-1 for UiO-67-form. Obviously, these 
materials provide more polar surfaces due to the missing linker defects. Furthermore, 
UiO-67-form shows a 2-step isotherm during adsorption of 1,4-dioxane from DMF, 
indicating stepwise adsorption induced either by different pore types or multilayer 
adsorption.  
 
Table 3.3. 1,4-dioxane adsorption from DMF and n-heptane. 
 
MOF Solvent Ue (mg/g) Um (mg/g) F (%) 
UiO-67-HCl DMF 449 
1193 
38 
 Heptane 674 56 
UiO-67-AcOH DMF 688 
747 
92 
 Heptane 419 56 
UiO-67-form DMF 418 
1187 
35 
 Heptane 786 66 
 
Ue – experimental uptake of 1,4-dioxane, Um – calculated maximum uptake of 1,4-dioxane based on 
experimental pore volume, F – percentage of the theoretical maximum uptake (F=100%∙Ue/Um). 
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Figure 3.16. Adsorption isotherms of 1,4-dioxane from n-heptane (circles) and DMF 
(diamonds) on UiO-67-AcOH, UiO-67-HCl and UiO-67-form. 
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During the adsorption of 1,4-dioxane on UiO-67-AcOH, the reverse behavior was 
observed. UiO-67-AcOH adsorbs 419 mg g-1 from n-heptane and 688 mg g-1 from DMF 
pointing to a closed Zr coordination sphere and high affinity of the linker to nonpolar 
substances. The results show that the considered three materials have a distinctly different 
adsorption behavior although their overall structure and main building units are identical. 
These observations indicate a significant influence of the synthetic procedure on material 
properties, especially on the surface polarity. 
Interestingly, the water adsorption isotherms exhibit only minor deviations and show 
the overall hydrophobic character of the materials as indicated by the delayed adsorption 
starting between relative pressure of 0.3 and 0.5 (Figure 3.17). The slopes characterize 
the UiO-67-HCl as slightly more hydrophilic and UiO-67-form as more hydrophobic than 
UiO-67-AcOH. 
 
 
 
 
Figure 3.17. H2O vapor physisorption isotherms of UiO-67-materials with varying 
modulators for initial synthesis. 
 
 
That means, the hydrophobicity of the material does not necessarily reflect the affinity 
of the material to other molecules, such as 1,4-dioxane. Especially UiO-67-AcOH 
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represents a special case, showing a more hydrophilic character than UiO-67-form in 
water adsorption, but a more nonpolar surface in liquid adsorption experiments with 1,4-
dioxane. In this material, significant amounts of AcOH could be identified by 1H NMR 
spectroscopy. This is a remarkable chemical difference to the other two materials. These 
differences visualized by the suggested liquid-adsorption method might additionally 
influence the substrate-surface interactions and are obviously not reflected by water 
adsorption isotherms.  
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3.4.3. Introduction of the Polarity Index (Pi) 
 
To quantitatively compare results from liquid adsorption experiments, an empirical 
index of surface polarity, Pi, is suggested. The Pi index is defined in the following way: 
 
Pi = (UH-UD)/(UH+UD),    (a) 
 
where UH is the uptake of a substrate from n-heptane and UD is the uptake of a substrate 
from DMF measured in mg g-1. Pi is an indicator for polar interactions of the surface of 
the materials with organic substrates similar to 1,4-dioxane. High Pi values indicate high 
surface polarity whereas low values reflect nonpolar surface characteristics of the 
analyzed material. 
The Pi as a function of the equilibrium concentration was plotted for the studied UiO-
67-series (Figure 3.18). For all three materials, the initial Pi estimated for low 
concentration is changing with increasing concentration until a constant value is reached. 
This can be explained by the increasing occupation of the MOF surface by the 1,4-
dioxane molecules up to complete surface coverage. The knowledge of Pi is important 
for the proper choice of solvents and substrate in the concentration regime of interest for 
catalytic applications or separation performance. Therefore, it is of crucial importance to 
define the adsorbate concentration for which the surface polarity needs to be defined. 
To illustrate the difference of surface polarity determined by liquid phase 1,4-dioxane 
adsorption, the polarity index was measured for a range of materials at the starting 1,4-
dioxane concentration of 0.5 mol L-1 as shown in Figure 3.19. It should be noted, that 
quantitative evaluation of the measured spectra can also lead to apparently negative 
uptake values, as was already discussed in subchapter 3.3.1. 
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Figure 3.18. Polarity index as a function of 1,4-dioxane concentration for UiO-67-series. 
 
 
 
Figure 3.19. 1,4-Dioxane uptake and calculated Pi for a range of MOFs at starting 
concentrations of 0.5 mol L-1. 
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As expected, the highest Pi values are found for MOFs with open-metal sites such as 
MIL-101(Cr) and HKUST-1. The lowest Pi values are measured for activated carbons 
(ACs) and the porous polymer PAF-1. The next group of substances encompasses Zn4O-
based materials like MOF-177105 and UMCM-1106 containing aromatic carboxylate 
linkers. The accessible backbone of these linkers is expected to be nonpolar and is 
shielding the polar metal cluster from the substrate. Each cluster is saturated by six 
linkers. Therefore, no pronounced surface polarity is expected. The Pi values of 0.03 and 
0.24 indicate medium polarity which is in line with structure-based expectations. 
The Zr-based MOFs are another important MOF group, including UiO-67-AcOH, 
UiO-67-chir23, and DUT-67107 containing octahedral Zr6O4(OH)4 or Zr6O6(OH)2 clusters, 
but chemically different linker molecules. UiO-67-AcOH, as already discussed, showed 
more nonpolar behavior and has a Pi of -0.07. DUT-67 contains a bent linker which is 
expected to be more polar because of the presence of additional sulfur atoms at the 
heteroaromatic backbone. Moreover, the Zr-clusters in DUT-67 are only connected to 
eight linkers instead of twelve and the residual coordination sites are saturated by formate 
anions and solvent. Therefore, DUT-67 exhibits an increased Pi of 0.46. Another 
important example showing, that polarity changes can be introduced by linker 
functionalization is UiO-67-chir. It has the same topology as UiO-67 but contains a chiral 
proline-functionalized linker, expected to have increased polarity because of the nitrogen 
and oxygen atoms in the proline group. Indeed, the proline modified MOF shows reversed 
polarity in comparison to UiO-67-AcOH which is reflected in negative 1,4-dioxane 
uptake from DMF and by the Pi of 1.15. 
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3.5. Experimental 
 
3.5.1. 1H NMR spectroscopy 
 
Quantitative 1H NMR experiments were performed using an Avance 300 (Bruker, 
Karlsruhe, Germany) NMR spectrometer. All measurements were performed at room 
temperature (298 K). The NMR spectra were recorded at a resonance frequency of 
300.13 MHz using a 10 mm probe head, a pulse length of 20 µs and a relaxation delay 
of 10 s. The 1H NMR chemical shift was referenced to tetramethylsilane (TMS). 
Comparison of the signal area determined by integration over the entire signal of 1,4-
dioxane at ca. 3.97 ppm allowed to calculate the excess amount of 1,4-dioxane 
remaining in the supernatant. 
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3.5.2. Liquid phase adsorption experiments 
 
3.5.2.1. One-tube adsorption isotherm 
 
One-tube adsorption isotherms were measured for the same MOF portion by a 
stepwise increase of the amount of 1,4-dioxane in the supernatant solution. The activated 
MOF was transferred into the glass flask. On top of the MOF, 2.2 mL of solvent (n-
heptane or DMF) was added. On top of the solvent, a defined amount of 1,4-dioxane was 
added, so the resulting initial concentration reached 0.3 mol L-1. After the equilibration 
time of 15 min, 1H NMR spectrum of the supernatant solution was measured. After that, 
another defined amount of 1,4-dioxane was added on top of the mixture. The last two 
steps (equilibration and 1,4-dioxane addition) were repeated until the full isotherm was 
obtained. 
 
 
 
 
Figure 3.20. Schematic drawing of the one-tube experimental procedure. 
 
 
Liquid-phase adsorption studied by quantitative 1H NMR spectroscopy  
58 
3.5.2.2. Adsorption experiments for Pi calculation 
 
Two portions of each activated material (approximately 100 mg) were weighed in the 
glovebox and transferred into the glass flask. One sample was treated with 3 mL of 0.5 M 
1,4-dioxane solution in n-heptane and another with 3 mL of 0.5 M 1,4-dioxane solution 
in DMF. Then, tightly sealed flasks were left for 12 hours for adsorption equilibration 
while shaking (450 rpm) at 293 K. After the equilibrium was reached, 1 mL aliquot of 
supernatant solution from each flask was taken and the solid was separated by 
centrifugation. Then 500 µL of the centrifuged solution was transferred into the NMR 
tube. The equilibrium concentration of 1,4-dioxane was determined using 1H NMR 
spectroscopy. Integration of obtained spectra was performed using TopSpin 3.2 and the 
dmfit program68. 
 
 
 
Figure 3.21. Schematic drawing of the experimental procedure for Pi determination. 
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3.5.3. Calculations 
 
3.5.3.1. Uptake calculation 
 
For the quantification of equilibrium concentrations (Ci) of 1,4-dioxane after 
adsorption, the 1H NMR signal was calibrated using the calibration-curve method. The 
adsorbed amount of a substrate per unit mass of MOF material, U, was calculated as  
 
𝑼 =
𝑴∙𝑽𝟎∙(𝑪𝟎−𝑪𝒊)
𝒎𝑺
,     (b) 
 
with the following definitions: U – amount of adsorbed 1,4-dioxane, mg g-1; M – 
molecular weight of substrate, g mol-1; V0 – volume of the solution, mL; C0 – 
starting concentration of 1,4-dioxane before adsorption, mol L-1; Ci – equilibrium 
concentration of 1,4-dioxane after adsorption, mol L-1; mS – mass of MOF material, g. 
 
3.5.3.2. Theoretical maximum uptake calculation 
 
Calculation of theoretical maximum uptake of 1,4-dioxane (Um) was performed using 
the total pore volume (tVP) estimated from nitrogen adsorption isotherm and the density 
of 1,4-dioxane at 25 °C as follows: 
 
𝑼𝒎 = 𝝆(𝒅𝒊𝒐𝒙) ∙ 𝒕𝑽𝑷 ∙ 𝟏𝟎𝟎𝟎 [mg g
-1] (c) 
 
𝜌(𝑑𝑖𝑜𝑥) = 1.03 𝑔 𝑚𝑙−1    (d) 
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3.5.3.3. Example of Pi calculation for porous polymer PAF-1 
 
3.5.3.3.1. Adsorption of 1.4-dioxane from n-heptane: 
 
Standard samples containing defined concentrations (C0) of 1,4-dioxane dissolved in 
n-heptane were prepared. The 1H NMR spectra were measured under identical conditions 
and the signal intensity (peak area) of the signal of 1,4-dioxane at ca. 4.0 ppm was 
determined. 
 
Calibration curve 
c / 
mol L-1 
Peak area, 
a.u. 
Mean peak 
area, a.u. 
Calibration curve for 1.4-dioxane in n-heptane 
 
0.7 20844717 20881181 
 20917645 
0.6 17956749 17954918 
 17953088 
0.5 15944679 15906857 
 15869036 
0.4 12566965 12495095 
 12423226 
0.3 9473150 9481687 
 9490225 
  
 
 
 
 
Material 
Sample 
mass / g 
Peak area / 
a.u. 
Mean peak 
area / a.u. 
cequ / 
mol L-1 
Uptake / 
mg g-1 (UH) 
Porous polymer 
PAF-1 
0.0518 
15255796 
15062642 0.49 81.5 
14869489 
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3.5.3.3.2. Adsorption of 1.4-dioxane from DMF: 
 
Calibration curve 
 
Material 
Sample 
mass / g 
Peak area 
/ a.u. 
Mean peak 
area / a.u. 
cequ / 
mol L-1 
Uptake / 
mg g-1 (UD) 
Porous polymer 
PAF-1 
0.0619 
12598028 
12592235 0.44 283.1 
12586441 
 
 
 
3.5.3.3.3. Calculation of index of polarity: 
 
 
Index of polarity is calculated according to equation (a):  𝑷𝒊 =
𝑼𝑯−𝑼𝑫
𝑼𝑯+𝑼𝑫
  
  UH / mg g
-1 UD / mg g
-1 Pi 
Porous 
polymer PAF-1 
81.5 283.1 -0.55 
 
 
  
c / 
mol L-
1 
Peak area, 
a.u. 
Mean 
peak area, 
a.u. 
Calibration curve for 1.4-dioxane in DMF 
 
0.7 19234944 19163687 
 19092430  
0.6 16056796 16090766 
 16124736  
0.5 14656215 14651809 
 14647404  
0.4 11575140 11559605 
 11544070  
0.3 9031357 9024977 
 9018597  
 
 
 
Liquid-phase adsorption studied by quantitative 1H NMR spectroscopy  
62 
3.6. Conclusions 
 
A new approach was introduced that can be used as a pre-screening method for 
surface polarity estimation of porous materials. The suggested Pi index describes the 
ability of a material to adsorb organic substrates according to the polarity of these species. 
In addition to the hydrophilicity/hydrophobicity which is usually estimated from water 
adsorption isotherms, the surface polarity index can be considered as a useful and a 
complementary parameter. The solvent choice drastically influences the adsorption 
capacity of substrates in the liquid phase. This method can be used as a tool for the 
development of porous materials to be applied in liquid state processes. Quantitative 1H 
NMR spectroscopy was employed for quick quantification of the adsorbed amount. 
Currently, low-cost benchtop NMR instrumentation108,109 is increasingly available 
making this detection method more and more favorable. The method is applicable to a 
wide variety of different porous materials showing high sensitivity towards the surface 
chemistry. Moreover, it is suitable for materials that are not stable in water or cannot be 
desolvated for applications in water adsorption experiments. Hence, due to its broad 
applicability and short experiment time needed in comparison to water adsorption 
isotherms, this method might become a valuable screening tool to estimate the 
performance of porous materials in heat pumps, filtration, catalysis, and separation 
processes. 
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4. Gas mixture adsorption experiments  
studied by  
in situ 13C NMR spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MOFs syntheses, XRD-measurements, nitrogen physisorption measurements, CO2 and 
CH4 single component isotherms discussed in the following chapter were performed by 
Dr. Negar Kavoosi and Dr. Irena Senkovska. 
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4.1. Introduction 
 
Increasing industrialization and combustion of fossil fuels caused dramatically raising 
emissions of CO2 which severely impacts our environment, especially the climate. The 
problem of CO2 capture and storage is therefore of high importance. Currently, existing 
techniques for CO2 capture from the flue gas include CO2 scrubbing with amines, 
membrane separation110, absorption and adsorption techniques111. There is a wide range 
of materials studied with respect to CO2 capture, e.g. zeolites
112, carbon materials113, 
porous organic polymers114, etc. Metal-organic frameworks115 are intensively 
investigated as one of the most promising platforms for separation and gas purification. 
 Flexible MOFs represent a group of highly potent materials with exclusive properties. 
They undergo structural transitions due to external stimuli like temperature, pressure, and 
presence of guest molecules12. A number of flexible MOFs have been reported showing 
guest selective pore opening in single component isotherms116,117. However, a 
fundamental question in mixture gas adsorption is whether or not the non-pore opening 
gas is able to co-adsorb with the pore opening gas and to which extent. For example, 
MIL-53(Cr) is highly selective towards CO2 over CH4 at 303 K for the narrow pore (np) 
phase. However, the selectivity decreases during the transition to the large pore (lp) phase 
at higher working capacities118,119. The pillared-layered MOF Zn2(fu-bdc)2(dabco) is 
based on substituted terephthalic acid. CO2 induces the gate opening and is adsorbed at 
278 K. In contrast, CH4 is unable to initiate the gate transition and cannot be adsorbed by 
this MOF. The study of the two-component gas mixture adsorption shows that the CO2 
uptake roughly matches with the CO2 uptake of the single component experiment at the 
pressure after the np/lp transition, but a certain amount of CH4 is co-adsorbed in the 
framework. Consequently, the authors conclude that CH4 is able to co-adsorb after the 
CO2 induced opening, i.e., in the lp phase
120. 
 In the present chapter, the selective adsorption of CO2 from a mixture with CH4 
inside switchable MOFs is analysed by directly monitoring the guest species using 
quantitative in situ 13C NMR spectroscopy. Two different MOFs were chosen: (i) Ni2(2,6-
ndc)2(dabco) (DUT-8(Ni)
58, DUT = Dresden University of Technology, 2,6-ndc= 2,6 – 
naphthalene-dicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane), and (ii) 
Zn2(BPnDC)2(bpy) (SNU-9, BPnDC = benzophenone 4,4’-dicarboxylic acid, bpy = 
4,4’-bipyridine)121. DUT-8(Ni) can be synthesized in the flexible and rigid form (further 
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denoted as DUT-8(Ni)_flex and DUT-8(Ni)_rigid), by controlling the particle size only 
via the synthesis conditions122. DUT-8(Ni)_rigid is a microporous compound with the 
behavior typical for the MOFs of the second generation, according to the classification of 
Kitagawa and co-workers123. DUT-8(Ni)_flex and SNU-9 belong to the MOFs of the third 
generation: the switchable DUT-8(Ni)_flex can adopt a closed pore (cp) state after solvent 
removal and an open pore (op) state. The latter can be induced by gas adsorption under 
suitable conditions. During adsorption experiments SNU-9 is known to switch between 
the np and the lp state through the formation of an intermediate phase (ip)124. That means, 
CO2 can enter the pore system of SNU-9 in the lp as well as in the np state. This allows 
to evaluate the influence of the pore opening upon the adsorption selectivity from 
mixtures. Meanwhile, single component volumetrically measured adsorption isotherms 
as well as combined diffraction and gas adsorption experiments reveal that CO2 is capable 
of inducing the pore opening transition in DUT-8(Ni)_flex and SNU-9 at 195 K in 
contrast to methane124,125. 
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4.2. Instrument setup and experiment conditions 
 
To perform in situ NMR spectroscopic studies, the previously reported home-built 
in situ high-pressure apparatus60 was modified to allow mixing of two gases in the desired 
ratio (see Figure 4.1). The apparatus allows to perform experiments at variable 
temperature and pressure. Using this method, the switching behavior and selectivity of 
gas adsorption from binary gas mixtures were studied. The chosen gas mixture comprised 
13C-enriched CO2 and CH4 mixed in the molar ratio of 2 to 1, see Figure 4.2. 
The single crystal sapphire tube was filled with the sample under argon atmosphere 
in the Glovebox. Prior the experiments, each sample was activated under high vacuum 
overnight. The measurements were performed at an Avance 300 (Bruker, Karlsruhe, 
Germany) NMR spectrometer coupled with a BIOSPIN SA BCU-Xtreme unit (Bruker, 
Karlsruhe, Germany). To reach thermal equilibrium, the temperature was maintained for 
1 h. The pressure was stepwise increased by adding the required portion of the initial gas 
mixture to the sample tube. For each pressure/temperature increase, an equilibration 
phase of 15 min was performed. The NMR spectra were recorded at a resonance 
frequency of 75.47 MHz (13C) and 300.13 MHz (1H) using a 10 mm NMR probe, a pulse 
length of 10 µs and a relaxation delay of 5 s. Temperature calibration was performed 
using the 1H chemical shift of methanol, as previously described126. The 1H and 13C NMR 
chemical shift were referenced relative to tetramethylsilane (TMS). 
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Figure 4.1. Scheme illustrating the modified home-built apparatus60 for high-pressure 
in situ NMR adsorption experiments at variable pressure and temperature. 
 
 
 
 
Figure 4.2. 13C NMR spectrum of the fully 13C-enriched gas mixture 13CO2/
13CH4 in 
the ratio 2:1.  
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4.3. Flexible DUT-8(Ni) 
 
4.3.1. Synthesis and characterization 
 
The synthesis procedure58 is as follows: Ni(NO3)2·6H2O (0.407 g, 1.4 mmol) 
dissolved in DMF (6 mL); H2ndc (0.303 g, 1.4 mmol) dissolved in DMF (15 mL) and 
dabco (0.1 g, 0.9 mmol) dissolved in methanol (9 mL) were mixed with one another. 
Afterwards, the mixture was heated in an autoclave at 393 K for 48 h. The resulting 
crystals were washed several times, first with 30 mL of DMF and then with 30 mL of 
ethanol and at the end with 30 mL of DCM. Subsequently, the washing step with 150 mL 
of DCM was continued for 3 days. The resulting solid was filtered in argon flow and 
activated in a dynamic vacuum at 393 K during 4 h. The sample was handled under an 
inert atmosphere. Interestingly, the obtained crystals were dark green (see Fig. 4.3), e.g. 
the MOF is in its op state before activation. After the activation step, e.g. solvent removal, 
the MOF switches into cp state which is accompanied by a color change into yellow. 
 
 
 
 
 
+ 
 
+ Ni(NO3)2 
∙6H2O  
 
2,6-Naphthalenedicarboxylic 
acid 
(2,6-H2ndc) 
Dabco 
(1,4-diazabicyclo[2.2.2]octane) 
  
Ni2(2,6-
ndc)2(dabco)(L)n 
 
 
Figure 4.3. Schematic illustration of the synthesis of DUT-8(Ni)_ flex. 
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Figure 4.4. View on a framework of DUT-8(Ni)_flex before (left) and after (right) CO2 
adsorption125. 
 
 
 
a)
 
b)
 
 
Figure 4.5. a) Powder XRD patterns: red, activated sample, green line, calculated powder 
diffraction pattern for open pore state; green, calculated powder diffraction pattern for 
closed pore state. b) Nitrogen adsorption isotherms measured at 77K. Filled symbols 
represent the adsorption, open symbols the desorption branch. 
 
Sample crystallinity was proven by PXRD measurements (Figure 4.5, a). Nitrogen 
physisorption experiments were performed at 77 K using BELSORP MAX instrument 
(Figure 4.5, b). Therefore, samples were additionally treated in vacuum for 1 h directly 
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before measurements. The surface area was calculated using the crystal structure and the 
pore volume (1.000 [(p/p0) = 0.990]) was determined. 
Single component adsorption isotherms of CO2 and CH4 were measured 
volumetrically at 195 K and 298 K. The obtained results reveal that CO2 is capable of 
inducing the pore opening transition in DUT-8(Ni)_flex. In contrast, CH4 is not able to 
initiate such transitions under the chosen conditions, see Fig. 4.6. 
This special adsorption behavior renders DUT-8(Ni)_ flex as an ideal candidate 
for highly selective CO2 separation from CO2/CH4 mixtures. However, in mixtures, the 
pore opening induced by CO2 may also facilitate CH4 adsorption and consequently reduce 
the selectivity. In situ 13C NMR spectroscopy was, therefore, applied to investigate the 
adsorption of CO2 and CH4 from mixtures and to analyze the adsorbed species. 
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Figure 4.6. Volumetrically measured CO2 (circles) and CH4 (diamonds) physisorption 
isotherms for DUT-8(Ni)_flex at 195 K (top) and 298 K (bottom). Filled symbols 
represent the adsorption, open symbols the desorption branch.  
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4.3.2. 13C NMR spectroscopy 
 
The adsorption of the gas mixture on DUT-8 (Ni)_flex was studied under isothermal 
conditions (215 K). The pressure was stepwise increased from 0 to 7.65 bar by adding the 
certain portion of initial gas mixture to the sample tube. Selected 13C NMR spectra and 
the NMR derived adsorption and desorption isotherms are displayed in Figure 4.7. Below 
the gate opening pressure of ca. 1.6 bar, the measured 13C NMR spectrum exhibits two 
narrow signals due to gaseous CO2 (ca. 126.9 ppm)
127,128 and CH4 (ca. -9.4 ppm) outside 
MOF particles. A similar chemical shift of -11 ppm was reported for methane by Deng 
and co-workers129 studying methane adsorption on UiO-66. 
A broad signal appears at ca. 160-70 ppm as can be seen in the spectrum measured 
at 3.38 bar and beyond. This signal (Fig.4.7, top) is attributed to adsorbed CO2 inside the 
open pores and indicates that the transition from the closed pore to open pore state occurs. 
It exhibits a characteristic and broad line shape which allows easy distinction from the 
narrow, isotropic gas-phase signal64,65. In contrast, the signal of CH4 does neither broaden 
nor shift indicating that CH4 remains in the gas phase and no signal for adsorbed methane 
is observed. At increasing pressure of the gas mixture, an increasing intensity of the broad 
signal of adsorbed carbon dioxide is observed until the MOF is completely opened and 
saturated by CO2 molecules at ca. 4 bar (Fig. 4.7, bottom). The intensity ratio of gaseous 
CO2 to gaseous CH4 in the inter-particle space after equilibration then reaches 1:5 at 
7.65 bar (Figure 4.8) in contrast to starting gas ratio 2:1. These observations prove highly 
selective CO2 uptake by the MOF accompanied by the enrichment of CH4 in the gas 
phase. Interestingly, the expected intersection of CH4 line with the x-axis (Fig. 4.8) is 
above the origin. One possible explanation of this effect can be due to the probable 
adsorption of CH4 at the outer surface of the MOF.  
During pressure decrease, the intensity of the methane signal rapidly drops down 
due to the corresponding removal of the gas phase. The area of the free CO2 signal drops 
down together with the signal of CH4 gas. In contrast, the adsorbed CO2 molecules remain 
in the pore system until the total gas pressure is below 0.5 bar as indicated by the presence 
and practically unchanged intensity of the broad signal of adsorbed CO2. This results in 
an adsorption/desorption hysteresis which is a characteristic feature of flexible MOFs. 
This behavior is also reflected by the NMR derived adsorption isotherm (Figure 4.7, 
bottom). Another important observation is the absence of a signal due to adsorbed CH4 at  
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Figure 4.7. Top: In situ 13C NMR spectra for isothermal CO2/CH4 gas mixture adsorption 
(blue curves) and desorption (red curves) at 215 K on flexible DUT-8(Ni)_flex. Insert: 
Example for the signal decomposition. Color codes: blue line – original spectrum; green 
– fitted signal due to free gas; orange – fitted signal attributed to adsorbed CO2; red line 
– a summary of both decomposed signals.  
Bottom: NMR derived CO2 adsorption/desorption isotherms. 
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any pressure. As it is shown below for DUT-8_rigid and SNU-9, this signal would appear 
at a higher chemical shift than the signal of gas phase methane. That means, the co-
adsorbed amount of methane is lower than the detection limit also in the op state of DUT-
8(Ni)_flex. The adsorption selectivity can then be estimated using the detection limit for 
the adsorbed 13CH4 signal as an upper limit for the maximum possible undetectable 
amount of co-adsorbed 13CH4 in equation (e). This estimation yields a minimum 
adsorption selectivity factor larger than 200 (cf. equation (e) below).  Thus, 
DUT-8(Ni)_flex is extremely selective for the adsorption of CO2 after pore opening. 
Within the detection limit and under the applied conditions, no CH4 uptake was 
measurable at all. 
 
 
 
 
 
 
Figure 4.8. Intensities of free CO2 (circles) and CH4 (diamonds) in the in situ cell at 
different total gas pressures.   
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4.4. Rigid DUT-8(Ni) 
 
4.4.1. Synthesis and characterization 
 
The synthesis procedure20 is as follows: Ni(NO3)2·6H2O (0.434 g, 1.5 mmol), 
H2ndc (0.294 g, 1.37 mmol) and dabco (0.336 g, 3.0 mmol) were mixed and dissolved in 
30 mL of DMF using an ultrasonic bath for 10 min. The suspension was transferred to a 
teflon vessel and heated in an autoclave during 72 hours at 408 K. The resulting light 
green powder was twice washed with 30 mL of DMF and subsequently immersed in 
30 mL of dry ethanol for 3 days. After that the material was filtered and activated in 
dynamic vacuum for 5 hours at 443 K. Afterwards, the sample was kept under argon. 
 
 
 
+ 
 
+ Ni(NO3)2 
∙6H2O  
 
2,6-Naphthalenedicarboxylic 
acid 
(2,6-H2ndc) 
Dabco 
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Ni2(2,6-
ndc)2(dabco)(L)n 
 
 
Figure 4.9. Schematic illustration of synthesis of the non-flexible variant DUT-
8(Ni)_rigid. 
 
 
Sample crystallinity was proven by PXRD measurements (Figure 4.10, a). Nitrogen 
physisorption experiments were performed at 77 K using BELSORP MAX instrument 
(Figure 4.10, b). Therefore, samples were additionally treated in vacuum for 1 h directly 
before measurements. Pore volume (0.992 [(p/p0) = 0.920]) was determined. 
Single component adsorption isotherms of CO2 and CH4 (Figure 4.11) were 
measured volumetrically at 195 K and 298 K. The obtained results reveal that both gases 
CO2 and CH4 enter the pore system of DUT-8(Ni)_rigid. 
In situ 13C NMR spectroscopy was used to investigate the adsorption of CO2 and 
CH4 from mixtures and to analyze the adsorbed species. 
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a) 
 
b) 
 
 
 
 
Figure 4.10. a) Powder XRD patterns: red – as-synthesized; blue line – calculated powder 
diffraction pattern for open pore state; green – calculated powder diffraction pattern for 
closed pore state. b) Nitrogen adsorption isotherms measured at 77 K. Filled symbols 
represent the adsorption, open symbols the desorption branch. 
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Figure 4.11. Volumetrically measured CO2 (circles) and CH4 (diamonds) physisorption 
isotherms for DUT-8(Ni)_rigid at 195 K (top) and 298 K (bottom). Filled symbols 
represent the adsorption, open symbols the desorption branch.  
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4.4.2. 13C NMR spectroscopy 
 
Non-flexible DUT-8(Ni)_rigid was investigated under the same conditions in order 
to answer the question whether the observed high selectivity of DUT-8(Ni)_flex for CO2 
adsorption from CO2/CH4 mixture can be attributed to the flexibility or to the general 
adsorption properties determined by the structure and composition (Figure 4.12).  
 
 
a) 
 
b) 
 
c) 
 
 
Figure 4.12. a) In situ 13C NMR spectra for isothermal CO2/CH4 gas mixture adsorption 
(blue curves) and desorption (red curves) at 215 K on DUT-8(Ni)_rigid. b) CO2 signal 
decomposition (6.6 bar (ads)): orange line – fitted signal for adsorbed CO2; green line – 
fitted signal for free CO2; red line – resulting fitted line; blue line – original spectrum. c) 
13C NMR derived CO2 and CH4 adsorption / desorption isotherms. 
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The signal of adsorbed CO2 in DUT-8(Ni)_rigid shows a narrower, rather 
Gaussian-like line shape in contrast to the corresponding signal in flexible DUT-
8(Ni)_flex. This indicates a less restricted motion of the gas molecules, i.e., more isotropic 
reorientation inside the pores of the DUT-8(Ni)_rigid. The line narrowing may also be 
related to the small crystallite size of DUT-8(Ni)_rigid compared with DUT-8(Ni)_flex 
(Fig. 4.13). The rough estimation of DUT-8(Ni)_rigid results in average particle size of 
200-500 nm, while the of DUT-8(Ni)_flex has crystallites with a size ranging from 20 to 
100 μm130. 
 
 
 
 
Figure 4.13. SEM images of DUT-8(Ni)_flex (top) and DUT-8(Ni)_rigid (bottom). 
(Reprinted with permission130. Copyright 2017. Royal Society of Chemistry). 
 
 
This may result in a fast exchange between different crystallites and thus a line 
narrowing for DUT-8(Ni)_rigid. The narrow signal of free CO2 at 126 ppm is 
superimposed with the broader signal of adsorbed CO2 (see Figure 4.12, b). The narrow 
isotropic signal of free CH4 occurs at ca. -9.4 ppm. Moreover, a signal at -5.6 ppm is 
attributed to CH4 co-adsorbed with CO2 inside the pores. That means, DUT-8(Ni)_rigid 
is not fully selective for CO2 adsorption from the mixture with methane in contrast to its 
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flexible form. Nevertheless, the calculated adsorption selectivity factor shows that CO2 
adsorption (see Figure 4.14) is favored under the applied conditions, as it can be expected 
from the volumetrically measured adsorption isotherms (Fig. 4.11). During desorption, 
methane rapidly leaves the pore system of the MOF (see the spectra at 2.02 bar (des) and 
0.13 bar (des) in Fig. 4.12, a) while the preferable CO2 gas remains adsorbed. This is also 
reflected by the NMR-derived desorption isotherm (Figure 4.12, c). The adsorption and 
desorption curves do not coincide, in contrast to the expectations for rigid MOFs. This is 
explained as follows: upon adsorption, both gases penetrate into the pore system although 
CO2 is preferred. During desorption, the signal of adsorbed methane continuously desorbs 
and disappears fully at about 2 to 3 bar. The vacant space inside the pores during the 
desorption process is then occupied by CO2. This explains the difference between 
adsorption and desorption isotherms. 
 
 
 
 
Figure 4.14. Calculated adsorption selectivity factor for DUT-8(Ni)_rigid for the 
CO2/CH4 mixture. 
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The adsorption selectivity factor (Fig. 4.14) was calculated according to: 
 
Selectivity factor =
[CO2]ads∙[CH4]gas
[CH4]ads∙[CO2]gas
    (e) 
 
where, [CO2]gas and [CH4]gas – concentrations of CO2 and CH4 in the gas phase 
correspondingly, [CO2]ads and [CH4]ads – concentrations of adsorbed CO2 and CH4 
respectively. The latter can be replaced with the corresponding measured intensities for 
the signals of adsorbed gases. The adsorption selectivity factor of DUT-8(Ni)_rigid is 
highest at the first point. This happens due to the fast and preferable adsorption of CO2 
from the gas mixture which results into the significant decrease of CO2 in the gas phase. 
With further pressure increase the selectivity factor decreases and remains mainly 
constant. However, the selectivity factor is always much smaller than in DUT-8(Ni)_flex. 
In addition to these adsorption/desorption isotherms, experiments under isobaric 
conditions were also carried out for DUT-8(Ni)_rigid. A constant pressure of 3.4 bar was 
maintained while the temperature stepwise decreased starting from 295 K down to 215 K 
and then increased. During the temperature decrease, co-adsorption of both gases is 
observed (Fig. 4.15, a). Nevertheless, the adsorption of CO2 is more preferable as it can 
be seen from the calculated adsorption selectivity factor (Fig. 4.15, c). The selectivity 
factor continuously increases with decreasing temperature. During the subsequent 
temperature increase, CH4 rapidly leaves the pore system, while CO2 molecules occupy 
the vacant spaces and remain longer in the MOF pores. The NMR derived isobars 
illustrate this behavior and are shown on Fig. 4.15, b.   
Consequently, DUT-8(Ni)_rigid is able to adsorb both gases and, therefore, is less 
selective towards CO2 during adsorption from the mixture with methane in comparison 
to its flexible form. 
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a) 
   
b)       c) 
  
 
Figure 4.15. a) In situ 13C NMR spectra for isobaric CO2/CH4 gas mixture adsorption 
(blue curves) and desorption (red curves) at 3.4 bar on DUT-8(Ni)_rigid. b) 13C NMR 
derived CO2 and CH4 adsorption isobars. c) Calculated adsorption selectivity factor for 
DUT-8(Ni)_rigid for CO2/CH4 mixture.  
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4.5. Flexible SNU-9 
 
4.5.1. Synthesis and characterization 
 
In this synthesis121, bpy (0.016 g, 0.0011mmol) and H2BPnDC (0.054 g, 
0.001 mmol) were first mixed and dissolved in 6 mL of DMF. Then, Zn(NO3)2∙6H2O 
(0.080 g, 0.0027 mmol) was dissolved in 3 mL of methanol. Afterwards, the solutions 
were mixed in a glass bottle and heated during 24 h at 353 K. The resulting crystals were 
first cooled down to RT and then washed with anhydrous methanol. Subsequently, the 
washing step with methanol was continued for 12 h. Afterwards, the white crystals were 
heated at 333 K for 1.5 h under dynamic vacuum. After activation, the sample was kept 
under argon. 
 
 
 
+ 
 
+ Zn(NO3)2∙6H2O  
 
Benzophenone 
4,4'-dicarboxylic acid  
4,4'-Bipyridin  Zn2(BPnDC)2(bpy)(L)n 
Figure 4.16. Schematic illustration of the synthesis of SNU-9. 
 
 
 
Figure 4.17. View on a single framework of SNU-9 along [101] direction before (left) 
and after (right) CO2 adsorption
124. 
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a)
 
b) 
 
 
 
Figure 4.18. a) Powder XRD patterns: red – activated sample; blue line – calculated 
powder diffraction pattern for open pore state; green – calculated powder diffraction 
pattern for closed pore state. b) Nitrogen adsorption isotherms measured at 77 K. Filled 
symbols represent the adsorption, open symbols the desorption branch. 
 
 
Sample crystallinity was proven by PXRD measurements (Figure 4.18, a) Nitrogen 
physisorption experiments were performed at 77 K using a BELSORP MAX instrument 
(Figure 4.18, b). Samples were additionally treated in vacuum for 1 h directly before 
measurements. Pore volume (0.366 [(p/p0) = 0.965]) was determined. 
SNU-9 is known to switch between the np and the lp state during adsorption 
experiments and guest molecules can penetrate into the pore system both in the lp as well 
as the np state. This can be seen from the adsorption isotherms on Fig. 4.19. CO2 is 
capable of inducing the pore opening transition in SNU-9 at 195 K according to single 
component adsorption isotherms measured volumetrically as well as combined 
diffraction and gas adsorption experiments124,125. It is remarkable that the transformation 
of SNU-9 from np to lp proceeds through the formation of an intermediate phase (ip) 
(Fig. 4.17)124. In contrast, CH4 is not able to initiate such transitions at 195 K below 1 bar 
(Fig. 4.19). However, the pore opening induced by CO2 in mixtures may also facilitate 
CH4 co-adsorption and consequently reduce the selectivity. The adsorption behavior of 
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CO2 and CH4 from their mixture at SNU-9 was thus investigated by in situ 
13C NMR 
spectroscopy. 
 
 
 
 
 
Figure 4.19. Volumetrically measured CO2 (circles) and CH4 (diamonds) physisorption 
isotherms for SNU-9 at 195 K (top) and 298 K (bottom). Filled symbols represent the 
adsorption, open symbols the desorption branch.  
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4.5.2. 13C NMR spectroscopy 
 
Figure 4.20 displays selected 13C NMR spectra and the NMR-derived 
adsorption/desorption isotherms for the gas mixture of 13CO2 and 
13CH4 applied to SNU-
9. In the np state, restricted motions of adsorbed CO2 molecules inside the narrow pores 
result in the pronounced line broadening and characteristic line shape with a maximum at 
about 70 ppm up to ca. 0.50 bar (Fig. 4.20, top, Fig. 4.21, bottom).  
 
 
 
 
 
 
Figure 4.20. Top: In situ 13C NMR spectra for isothermal CO2/CH4 gas mixture 
adsorption (blue curves) and desorption (red curves) at 215 K on SNU-9.  
Bottom: NMR derived CO2 and CH4 adsorption/desorption isotherms. 
Gas mixture adsorption experiments studied by 13C NMR spectroscopy 
87 
 
 
Figure 4.21. An example of signal decomposition for the lp (top) and ip (middle) state. 
Color codes: orange line – fitted signal for adsorbed CO2; green line – fitted signal for 
free CO2; red line – resulting fitted line; blue line – original spectrum. Bottom: An 
enlarged spectrum for the np state. 
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An intense signal of CH4 gas is detectable at ca. -9.3 ppm whereas the signal of CO2 gas 
is rather weak at ca. 127 ppm (Fig. 4.20, top). A signal of adsorbed methane starts to 
appear at ca. -3.8 ppm but is hardly visible. Further pressure increase to 1.62 bar induces 
the transition of SNU-9 into the intermediate pore state (ip). This results in a change of a 
line shape for adsorbed CO2 which becomes considerably narrower (Fig. 4.21, middle) 
and is shifted to ca. 127.3 ppm. Remarkably, the change of the line shape of the signal of 
adsorbed CO2 is accompanied by the change of chemical shift of adsorbed methane which 
shifts to ca. -6.1 ppm and is more intense at this pressure. With further pressure increase 
the transformation from ip to lp occurs.  Interestingly, methane remains co-adsorbed with 
CO2 and is found at ca. -5.6 ppm chemical shift also after the SNU-9 switches to the lp 
state. The line shape of the signal of adsorbed 13CO2 also changes with the transition to 
the lp state and shifts to ca. 123 ppm (Fig. 4.21, top). The total amount of adsorbed CH4 
in the lp state is almost constant over the entire pressure range as it is seen from the 
adsorption isotherm (Fig. 4.20, bottom). Thus, the adsorption selectivity to CO2 reaches 
its minimum in the ip state and increases during the transition from the ip into the lp state 
as can be seen in Figure 4.22. During pressure release, methane is first leaving the system. 
After its complete removal from the pores at ca. 0.51 bar, the signal of adsorbed CO2 is 
still observed. The ratio of the total uptake of CO2 versus CH4 of about 10:1 (Fig. 4.20, 
bottom) obtained from the gas mixture experiments is in agreement with expectations 
derived from the previously shown (Fig. 4.19) single component isotherms. 
 
 
Figure 4.22. Calculated adsorption selectivity factor of SNU-9 for CO2/CH4 mixture. 
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4.6. Conclusions 
 
In situ high-pressure 13C NMR spectroscopy is a valuable tool to directly monitor 
the adsorption selectivity of MOFs. In this chapter, the methodology was applied to study 
the influence of flexibility upon the adsorption selectivity using gas mixtures of CO2 and 
CH4. In order to estimate the possible influence of framework flexibility upon the 
adsorption selectivity, the metal-organic framework DUT-8(Ni) was chosen. This MOF 
was synthesized in its flexible and rigid form. Since the composition and crystal structure 
of both variants are identical, this compound provides an ideal model system for such 
studies. The results show that the flexible form exhibits a much higher selectivity for CO2 
adsorption from the mixture with methane than the rigid one. The rigid form of DUT-
8(Ni) is less selective for CO2, while the flexible DUT-8(Ni) exclusively adsorbs CO2, 
resulting in a highly selective adsorption of CO2 from the mixture with methane in the 
discussed conditions. Furthermore, another flexible MOF SNU-9 was studied. This MOF 
exhibits a narrow-pore form in the activated state which can be transformed into a large-
pore form by an adsorption of proper molecules such as CO2. This transformation occurs 
via an intermediate form – in contrast to DUT-8(Ni)_flex which switches between a 
closed pore and an open pore state without intermediates. The adsorption selectivity of 
SNU-9 increases after the transition into the large-pore state in analogy to the 
observations made for DUT-8(Ni)_flex. These observations point towards a highly 
selective adsorption of the pore-opening gas species from mixtures by flexible MOFs 
which would be a promising feature for future applications in gas separation. Additionally 
it was shown, that the structural transitions of SNU-9 were also reflected in the obtained 
NMR spectra in the change of the line shape of a signal assigned to CO2 and a change of 
a chemical shift of the signal of adsorbed methane. 
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5. Summary 
 
 
 
The present thesis deals with the investigation of liquid-phase and gas-phase 
adsorption by metal-organic frameworks (MOFs) using NMR spectroscopy. NMR-based 
methods are developed and then applied to characterize the surface polarity of studied 
materials and the influence of structural flexibility upon the adsorption selectivity.  
Liquid-phase adsorption properties of porous materials, such as selective 
adsorption of species of interest, are highly important for proper surface modification 
with respect to applications of materials in liquid state processes, for instance, in catalysis. 
Thus, there is a strong need for analytical techniques capable of studying the adsorption 
behavior of MOFs in liquid media. This motivated the development of a novel, NMR-
based method, which is discussed in the first part of the experimental work. Liquid-phase 
adsorption experiments were first performed on activated carbons. The experiments 
showed that quantitative 1H NMR spectroscopy is a robust tool for the estimation of the 
adsorbed amount of a probe molecule. The obtained results reveal that the performed 
liquid-phase adsorption of naphthalene from methanol can be employed for an 
approximate surface area estimation of activated carbons. Afterwards, the liquid-phase 
adsorption experiments were extended to MOFs. First, two well-characterized MOFs, 
MIL-101 and UiO-67, were chosen. The adsorption of diverse organic molecules, e.g., 
1,4-dioxane, DMF, n-heptane, ethyl acetate, and pyridine was investigated on these 
MOFs. It was demonstrated that the affinity of adsorbed species to the MOF surface 
depends on the relative polarities of the surfaces and adsorbed molecules. Based on these 
observations, a screening procedure that allows characterization of the material surface 
via competitive adsorption of organic molecules according to their different polarities 
was proposed. The suggested method relies on the competitive adsorption of 1,4-dioxane 
from mixtures with n-heptane and DMF. A so-called polarity index (Pi) was introduced 
as a parameter which describes the ability of a material to adsorb these organic molecules 
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of different polarities. Furthermore, it was also found that a variety of properties influence 
the surface polarity. Structural modifications of the surface, such as variation of linkers 
or metal clusters as well as introduction of structural defects modify the surface polarity. 
These influences are indeed reflected by the proposed polarity index, as is demonstrated 
on the example of an UiO-67-based sample series. The variation of the used modulator 
also introduces different structural defects that dramatically influence the surface 
properties of the material. The developed, NMR-based method proposed is highly 
sensitive towards these changes and can thus be used as a characterization tool for surface 
polarities.  
In contrast to traditionally used water adsorption isotherms for the estimation of 
hydrophilicity of the material, screening for the polarity index can be performed on a 
wider range of materials, including those that are not stable in water or stable just 
desolvated in organic solvents. Another advantage of the proposed method is its 
flexibility towards used solvents and probe molecules. The combination of organic 
species can be varied and adjusted to fulfill the needs of every special case while keeping 
the idea of measuring the competitive adsorption. Fast quantification of liquid-phase 
adsorption by 1H NMR spectroscopy makes this method more attractive and preferable 
in contrast to other analytical techniques like chromatography. Currently, low-cost 
benchtop NMR instrumentation is increasingly available making this detection method 
more and more favorable. 1H NMR spectroscopic measurements are non-destructive and 
extremely time-saving because they require just seconds to measure one sample.  
The second part of the thesis is devoted to gas mixture adsorption experiments. 
An enormous increase of the CO2 emission during the last decades strongly affects the 
environment, especially the climate. Therefore, CO2 capture and storage are of great 
interest. Currently, a wide range of materials is studied with respect to CO2 capture and 
storage. MOFs are considered as one of the most promising platforms for separation and 
gas purification. In the discussed gas adsorption studies, the selectivity of CO2 adsorption 
from mixtures with methane was investigated on several MOFs. The adsorption of the 
gas mixture (CO2 and CH4 in the ratio 2:1) was studied as a function of pressure and 
temperature. In order to answer the question whether the flexibility of a MOF lattice 
influences the adsorption selectivity, SNU-9 and DUT-8(Ni) were studied. DUT-8(Ni) 
can be synthesized as a rigid and a flexible variant (DUT-8(Ni)_rigid vs. DUT-
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8(Ni)_flex) just by changing the synthesis conditions. The adsorption of the gas mixture 
was studied on both forms of this MOF. DUT-8(Ni)_flex is known to switch between the 
closed pore (cp) and open pore (op) state. CO2 is able to initiate such structural transitions 
in contrast to methane. During the adsorption experiments, DUT-8(Ni)_flex showed 
exceptional selectivity towards CO2 over the whole pressure range. No methane was co-
adsorbed within the detection limit. Interestingly, the rigid form of DUT-8(Ni) behaved 
differently showing less selectivity towards CO2 adsorption. Nevertheless, although both 
gases penetrate into the pore system during the adsorption, CO2 is preferably adsorbed 
according to the obtained NMR spectra. These results show, that the framework flexibility 
indeed influences the adsorption selectivity towards the pore opening gas. Another 
flexible MOF, SNU-9 was also investigated. In contrast to DUT-8(Ni), this MOF 
undergoes the transitions from narrow pore (np) to intermediate pore (ip) and further to 
large pore (lp) state. For flexible SNU-9 and using the same mixture of CO2 and CH4 in 
the ratio 2:1, it was shown that the gate-opening transition was solely induced by CO2 as 
observed for DUT-8(Ni)_flex. However, CH4 co-adsorbed especially in the ip state. After 
the transition to lp state, co-adsorbed methane was still detected over the entire pressure 
range. Nevertheless, the estimated adsorption selectivity factor of SNU-9 increased after 
the transition from ip to lp state. It was also shown that the structural transitions of SNU-
9 from np to ip state and from ip to lp state are accompanied by changes of a line shape 
of the signal of adsorbed CO2 and changes of the chemical shift of adsorbed CH4.   
In summary, the obtained results demonstrate that the flexibility of MOFs 
influences the adsorption selectivity from gas mixtures. Especially in DUT-8(Ni), the 
adsorption of the gate-opening species from gas mixtures is highly favored. This may 
become a valuable feature for further applications in gas separation. 
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Appendix  
 
 
 
 
Experimental Section 
 
A.1. Material synthesis and treatment 
 
If not stated else, the reactions were carried out under air. Chemicals were used as 
received without further purification. For synthesis and washing solvents of absolute 
purity (p.a.) were used. 
HKUST-1: Cu3(btc)2(H2O)3 (btc
3-: benzene-1,3,5-tricarboxylate) 
The synthesis was performed according to the procedure published by Schlichte et al.131 
The resulting material was dried in high vacuum at 150 °C for 16 h. 
UMCM-1: Zn4O(bdc)(btb)4/3 (bdc
2-: benzene-1,3-dicarboxylate; btb: 4,4′,4″-benzene-
1,3,5-triyl-tribenzoate) 
The synthesis was performed according to the procedure published by Koh et al.106 The 
resulting material was dried in high vacuum at 24 °C for 24 h. 
MIL-101(Cr): Cr3F(H2O)2O(bdc)3 
The synthesis was performed according to the procedure published by Serre et al.93 The 
resulting material was dried in high vacuum at 120 °C for 16 h. 
UiO-67: Zr6O4(OH)4(bpdc)6 (bpdc
2-: 4,4′-biphenyldicarboxylate) 
a) UiO-67-AcOH: The synthesis was performed according to the procedure of 
Schaate et al.132 The material was washed with fresh N,N’-dimethylformamide 
(DMF, 3 x 5 mL). The modulator for synthesis was exchanged by 30 eq. of acetic 
acid. The resulting material was washed with DMF (3 x) and ethanol (3 x) and the 
solvent was removed in high vacuum at 24 °C for 24 h. 
b) UiO-67-form: The synthesis was performed according to the procedure of Gutov 
et al.101 For activation procedure the material was washed with DMF (5 x 50 mL) 
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and acetone (5 x 50 mL) supported by centrifugation. The sample was transferred 
in a rotating glass oven and evaporated in high vacuum and 120 °C for 6 hours. 
c) UiO-67-HCl: The synthesis was performed according to the procedure of Katz et 
al.133 After synthesis the material was washed with DMF and ethanol for several 
times and the solvent was removed by filtration. For activation, it was treated at 
100 °C in high vacuum for 18 hours. 
d) UiO-67-chir23: A solution of ZrCl4 (30 mg, 0.129 mmol) and benzoic acid 
(235 mg, 1.924 mmol, 15 eq.) in 5 mL DMF (p.a.) was prepared. Chiral linker 
H2bpdc-NHProBoc (58 mg, 0.129 mmol, ProBoc: N-(tert-butyloxycarbonyl) 
protected L-proline) was added to the solution and shortly treated in ultrasonic 
bath until complete dissolution. After thermal treatment at 120 °C for 3 days the 
crystalline product was washed with DMF (3 x 3 mL) and ethanol (3 x 3 mL) and 
activated in a high vacuum at room temperature  
DUT-67: Zr6O6(OH)2(tdc)4
107. 
A solution of ZrCl4 (1.38 g, 5.92 mmol, 1.5 eq.) in a mixture of DMF and N-methyl-2-
pyrrolidone, (150 mL, 1:1) was prepared. Afterward, 2,5-thiophenedicarboxylic acid 
(H2tdc, 0.66 g, 3.83 mmol) and trifluoroacetic acid (26.8 mL, 350 mmol, 90 eq.) were 
added. The mixture was tempered at 85 °C for 48 h. The resulting material was washed 
with fresh DMF (3 x 50 mL) and ethanol (3 x 50 mL). The solid was filtered and dried in 
high vacuum. 
MOF-177: Zn4O(btb)2
105. 
A solution of 1,3,5-tris(4-carboxyphenyl)benzene (H3btb, 0.72 g, 1.64 mmol), 
Zn(NO3)2∙4H2O (1.296 g, 4.96 mmol, 3 eq.) in N,N’-diethylformamide (DEF, 40 mL) was 
thermal treated at 100 °C for 20 h. The resulting colorless crystals were washed with fresh 
DMF (3 x 5 mL) and dichloromethane (3 x 5 mL). Finally the solvent was removed from 
the material under high vacuum at 24 °C for 24 h 
PAF-1: The sample was synthesized as described previously99. 
Activated carbon Blücher 510180  
Activated carbon Blücher 510180 (spherical beads with a diameter between 0.05 and 
0.315 mm) was purchased from Blücher GmbH. To get a powder the material was 
grounded in a planetary mill (Pulverisette from Fritsch (Germany)) (milling time 8 h, 
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50% water, 50% carbon). The final powder exhibits particle sizes below 50 µm. The 
obtained powder was activated for 24 h at 150 °C and at 10-3 mbar. 
Activated carbon Norit DLC Super 50 
Activated carbon powder Norit DLC Super 50 was purchased from Cabot and 
activated for 24 h at 150°C and at 10-3 mbar. 
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A.2. Nitrogen and water physisorption measurements 
 
The materials were dried, as described before (see A.1). Nitrogen physisorption 
measurements were performed at 77 K and water adsorption measurements at 298 K 
using BELSORP MAX instrument. Therefore, samples were additionally pretreated in 
vacuum at 150 °C for 1 day directly before measurements. Specific surface areas were 
calculated using multipoint BET-method.  
 
Table A.3.1. Specific BET-surface area and total pore volume determined by N2-
physisorption experiments.  
Entry Material 
Specific BET-Surface 
Area / m2g-1 
Total Pore Volume / 
cm3g-1 
1 HKUST-1 1470 0.606 [(p/p0) = 0.990] 
2 PAF-1 4400 2.362 [(p/p0) = 0.890] 
3 MIL-101(Cr) 2500 1.684 [(p/p0) = 0.965] 
4 AC Norit DLC Super 50 1600 0.800 [(p/p0) = 0.950] 
5 UiO-67-AcOH 1700 0.725 [(p/p0) = 0.920] 
6 UiO-67-HCl 2400 1.159 [(p/p0) = 0.950] 
7 UiO-67-form 2400 1.153 [(p/p0) = 0.870] 
8 UiO-67-chir 970 0.399 [(p/p0) = 0.900] 
9 DUT-67 1020 0.440 [(p/p0) = 0.983] 
10 MOF-177 4360 1.855 [(p/p0) = 0.900] 
11 AC Blücher 510180 1180 0.610 [(p/p0) = 0.950] 
12 UMCM-1 2840 1.482 [(p/p0) = 0.920] 
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Figure A.1. a) Nitrogen physisorption isotherms at 77 K and b) water physisorption 
isotherms at 298 K for UiO-67-HCl, -AcOH, and -form. 
 
UiO-67 with an ideal structure has a calculated total pore volume of 1.06 cm3g-1 (using 
Poreblazer 3.0.2. software134). UiO-67-form and UiO-67-HCl have a higher experimental 
total pore volume of 1.153 and 1.159 cm3g-1 indicating the presence of the defects in the 
structure. In contrast, isotherm of UiO-67-AcOH is typical for microporous materials.  
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